ABSTRACT ω Centauri is the largest globular cluster in the Milky Way and hence contains the largest number of variable stars within a single cluster. The results of photometric solutions are presented for the EA-type binary V239 in this cluster. According to our analysis, V239 is a typical Algol-type binary. We obtain M = 1.20 ± 0.10 M , R = 1.21 ± 0.03 R , and L = 13.68 ± 0.63 L for the primary component. The secondary component has M = 0.07 ± 0.02 M , R = 0.90 ± 0.03 R , and L = 2.17 ± 0.14 L . The binary system is located in the blue straggler region on the color-magnitude diagram of ω Centauri and the mass of the primary component exceeds the mass of a turnoff star. Therefore, we think that V239 is a blue straggler and that V239 was formed by mass transfer from the present secondary component to the present primary.
INTRODUCTION
Blue straggler (BS) stars are defined by their location on the color-magnitude diagram (CMD). They lie blueward and above the main-sequence turnoff region. Starting from their first discovery in the globular cluster M3 (Sandage 1953) , BSs have been detected in many globular and open clusters and dwarf galaxies De Marchi et al. 2006; Momany et al. 2007) , as well as in the field (Carney et al. 2005 ). There are two popular BS formation mechanisms: one proposes that BSs are produced by way of mass transfer in close binary systems (McCrea 1964; Geller & Mathieu 2011) , while the other one predicts that BSs are formed from the merger (collision) of two main-sequence stars during the dynamical evolution of the cluster (Bailyn 1995) . Knigge et al. (2009) found that there is a nearly linear correlation between the number of BSs in a cluster core and the core mass of that cluster. This implies that most BSs are formed through mass transfer in close binary systems.
Eclipsing binaries play a significant role in astrophysics. Globular cluster eclipsing binaries appear to be of great importance to the dynamic evolution of the clusters. Once globular clusters were thought to contain no eclipsing binaries. However, new discoveries in the last 20 years have shown this to be wrong (Kaluzny et al. 2004; Weldrake et al. 2004 ). More and more eclipsing binaries have been discovered in globular clusters with the widespread use of large telescopes and CCD detectors, and of methods to extract photometric information from crowded images. Many BS candidates identified in globular clusters are eclipsing binaries. The first discovered globular cluster eclipsing BS is NJL5 in ω Centauri (Niss et al. 1978) and more detections of eclipsing BSs in globular clusters were discovered by the OGLE and CASE groups (Rucinski 2000) .
ω Centauri is the largest and most luminous globular cluster in the Milky Way with an age spread of 2-4 Gyr within the cluster (Stanford et al. 2006) . Because the heliocentric distance (= 5.2 kpc; Harris 1996, 2010 edition) of ω Centauri is small, it has been extensively studied. Many optical surveys have been carried out in order to search for variable stars in this cluster. The first massive survey was carried out by the OGLE I team (Kaluzny et al. 1996 (Kaluzny et al. , 1997 and later a more exhaustive search was conducted under the CASE project (Kaluzny et al. 2004 ).
In ω Centauri, a total of 410 variable stars are known (Kaluzny et al. 2004) , the largest number of variable stars within a single cluster in the Milky Way. At least four peaks in the metallicity distribution function ranging from [Fe/H] = −1.75 to −0.75 were observed by Johnson et al. (2009) . In a more puzzling discovery, Bedin et al. (2004) found at least two separate main sequences in the cluster. This cluster is generally considered to be the result of a gravitational interaction between the Milky Way and a nucleated dwarf galaxy (Bekki & Norris 2006) .
More than 30 EA-type binaries have been discovered in globular clusters. NJL5 in ω Centauri is the first identified EA-type binary in globular clusters (Niss et al. 1978) . As it is difficult to observe the EA-type binaries in globular clusters, only a few globular cluster EA-type binaries have had photometric solutions and physical parameters determined, such as V209, OGLEGC 17 in ω Centauri and OGLEGC 228 in 47 Tuc (Kaluzny et al. 2007a (Kaluzny et al. , 2007b Thompson et al. 2001) . V239, with a period of 1.18851 days, is one of 18 EA-type binaries in the globular cluster ω Centauri. It was first discovered by Kaluzny et al. (1997) during a photometric survey for variable stars in the field of this cluster (named OGLEGC 47 in their catalog). Preliminary photometric analysis of this binary has been presented by Li et al. (2011) ; here we reanalyze the B and V passband light curves taken from Kaluzny et al. (2004) and estimate its physical parameters using the Wilson-Devinney (W-D) light-curve analysis software.
DATA AND PHOTOMETRIC SOLUTIONS
ω Centauri was observed during the interval from 1999 February 6/7 to 2000 August 9/10 using the 1.0 m Swope telescope at Las Campanas Observatory by Kaluzny et al. (2004) . The data were collected on 59 nights. Using their observations, we analyzed the light curves of the EA-type binary V239. The ephemeris used to calculate the phases of it is Min.I = 2451321.5751 + 1.18851E.
(
The light curve of V239 is a typical Algol light curve. It has two minima of very different depth and the secondary minima is nearly flat. This indicates that the secondary component possibly fills its Roche lobe and the eclipse is close to being total. We delete some of the photometric data that have serious derivation from the phased light curves. Using the 2003 version of the W-D program (Wilson & Devinney 1971; Wilson 1990 Wilson , 1994 Wilson & Van Hamme 2003) , we model the BV light curves. The errors in the B and V photometric data are adopted in the solutions. We take the reciprocal of errors divided by 100 as the weight. The solutions are started with mode 2 but usually converge when the secondary component fills its Roche lobe. The final iterations are made in mode 5, which corresponds to semi-detached configuration (the secondary component fills its Roche lobe). Bellini et al. (2009) determined (B − V ) as 0.076 and membership probability as 99% for V239. Adopting an interstellar reddening of E(B − V ) = 0.12 (Harris 1996 (Harris , 2010 edition), we derive (B − V ) 0 = −0.044 for V239. The color index of the system is dominated by the primary component, and the effective temperature of the primary can be derived from the color index of the system. So, we fix the (B−V ) 0,1 of the primary component at −0.044. We adopt a metallicity of [Fe/H] = −1.53 (Harris 1996 (Harris , 2010 and expect log g to lie between 4.0 and 4.5. Using the program provided by Worthey & Lee (2011) , we calculate the effective temperature of the primary component T 1 = 10175 ± 102 K and 10190 ± 102 K corresponding to the values of log g and the above (B − V ) 0,1 . As the photometric solution is sensitive to the temperature ratio but fairly insensitive to the actual value of T 1 (Yakut & Eggleton 2005) , we adopt an average value T 1 = 10183 ± 102 K. The bolometric albedo and gravity-darkening coefficient of the primary component are set at values appropriate for stars with radiative envelopes, A 1 = 1.0 and g 1 = 1.0. The bolometric and bandpass limbdarkening coefficients of the primary component are also fixed (van Hamme 1993) . The previous parameters of the secondary component can be fixed based on the value of the effective temperature of the secondary component T 2 .
The parameters adjusted during each iteration step of the W-D program are the mass ratio q, the effective temperature of the secondary component T 2 , the monochromatic luminosity of primary component in each band L 1 , the orbital inclination i, and the dimensionless potential of the primary component Ω 1 . Since the mass ratio q of V239 has not been definitively determined in previous works, a q-search method is used to determine its mass ratio. To determine an accurate value of the mass ratio, the 
DETERMINATION OF PHYSICAL PARAMETERS
A wide-field proper-motion study of the globular cluster ω Centauri was conducted by Bellini et al. (2009) . According to their study, V239 (designation 179912) is a genuine propermotion member of the cluster with a probability of 99%. Based on the apparent distance modulus in the V band of ω Centauri, (m − M) v = 13.94 (Harris 1996 , 2010 edition), we can estimate the physical parameters of V239 using the W-D program following Kepler's third law (the same method as Liu et al. 2011) .
First, we calculate the V-band absolute magnitude of V239 by (Harris 1996 (Harris , 2010 , we obtain the absolute bolometric magnitude, M bol = 1.750 ± 0.040 mag, for V239. Second, using the light-curve program of the W-D 
0.8425 ± 0.0006 0.8422 ± 0.0006 0.8427 ± 0.0006 0.8424 ± 0.0006 code, we estimate the combined absolute bolometric magnitude, which can be compared with the result in the previous step. The light-curve program can obtain the absolute bolometric magnitude M bol of each component from the semimajor axis, period, and other parameters determined from photometric solutions. The semimajor axis is the only adjustable parameter.
We can obtain a set of the absolute bolometric magnitudes of the primary and secondary components when we input a value of the semimajor axis. Then we combine them to determine the total value and compare that value with the observed absolute bolometric magnitude of the system until we find the right semimajor axis. Figure 3 shows the relationship between the semimajor axis and the combined absolute bolometric magnitude of the two components. At last, we find that when the semimajor axis is 5.11 R , the absolute bolometric magnitudes of the primary and secondary components are 1.91 and 3.91 mag, respectively, obtaining M bol,max = 1.750 mag. This is consistent with the observed value within the error range. The derived physical parameters of V239 are listed in Table 2 , where the errors represent the uncertainties of mass ratio q and maximum apparent magnitude m v max .
DISCUSSION AND CONCLUSIONS
The B and V passband light curves of V239 have been analyzed using the W-D program. The final solutions suggest that Table 3 Physical Parameters of Eclipsing BSs in Globular Clusters V239 is a typical Algol binary system; the primary component fills 40.9% of its critical Roche lobe and the secondary component fills its critical Roche lobe. Using the luminosity ratios from the photometric solutions, we can obtain the observed visual magnitudes of the components from the B and V magnitudes of V239. We obtain V 1 = 16.848 ± 0.103, B 1 = 16.886 ± 0.231, V 2 = 18.448 ± 0.106, and B 2 = 18.707 ± 0.234, where the errors represent the respective uncertainties in the solution and the errors of B and V magnitudes of V239. Then we plot the positions of the eclipsing binary and its components on the CMD of ω Centauri (Hughes et al. 2004 ) and show them in Figure 4 . We can see that V239 is located in the BSs region, and V239 is a genuine proper-motion member of this cluster. We conclude that V239 is an eclipsing BS in the globular cluster ω Centauri. At the same time, the mass of the primary component is 1.20 M , which exceeds the mass of a star at the main-sequence turnoff (M TO = 0.8 M ). Then V239 should be formed by mass transfer from the present secondary component to the present primary. There are many eclipsing BSs discovered in globular clusters, and for some of these physical parameters have been derived. We list the parameters of these eclipsing BSs in Table 3 . The ages of the clusters M4, ω Centauri, 47 Tuc, and NGC 5466 are 12.7 ± 0.7 Gyr, 16 ± 3 Gyr, 12.5 ± 1.5 Gyr, and 12.5 ± 0.9 Gyr (Hansen et al. 2002; Noble et al. 1991; Liu & Chaboyer 2000; Arellano Ferro et al. 2008) , respectively. They are all older than 12 Gyr. According to widely accepted scenarios, this Algol binary system should form by mass transfer, inducing a reversal of the original mass ratio so that the current primary was originally the less massive component. The physical parameters of this binary are close to the eclipsing BS NJL5 in ω Centauri (Helt et al. 1993 ). We think they have nearly the same evolutionary status. The system began as the more massive component very close to the current turnoff mass. This component first filled its Roche lobe and transferred mass to the other component; now it is the less massive secondary component. The more massive present primary component, which was the mass gainer, started with an initial mass M 1,i that was only slightly smaller than the mass of the loser (M 2,i ). This indicates that the present primary component evolved slower. In order to provide present total mass, M 1,i could not be smaller than 59% of M 2,i . The mass transfer began a few Gyr ago. At first it was a phase of rapid transfer until q = 1. After that, the mass transferred more slowly on a nuclear timescale. After losing most of its envelope to mass transfer, the present secondary failed to ascend the red giant branch. Instead, it started to evolve along the horizontal direction on the CMD, moving toward the white dwarf region. The present primary moved upward along the main sequence because of the increase of its mass.
V239 is not only an eclipsing binary but also a BS. This double status makes it an important object for comprehending the hypothesis that BSs are formed by mass transfer in close binaries. At most 0.33 M has been lost from the system based on the total mass of the system and twice the mass of a star at the main-sequence turnoff. The two components may coalesce not only depending on further loss of mass and angular momentum but also according to the mass transfer from the secondary to the primary in the future. The effective temperature and bolometric luminosity of the present secondary component are both too high for its low mass. We think it is composed of a helium core surrounded by a thin hydrogen shell. We hope to acquire spectroscopic observations of V239 in the future, and then we can obtain more accurate physical parameters of V239 and improve our results.
